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Preliminary Survey of Colour Preferences in 
Television Pictures 
By M. GILBERT, Ph.D. (Member) 


Summary 


This paper describes an investigation carried out in order to determine 
some of the colour-rendering characteristics that a viewer of colour tele- 
vision would consider to be satisfactory. It is concluded that the colours of 
a reproduced scene need to be less saturated than the colours of the original 
scene being televised. This is in line with findings on colour film reproduc- 
tions. There is evidence to show that it may also be desirable to make 
the reproduced colours rather more blue than those of the original scene. 
Although it is important that the home viewer should not have to deal with 
too many controls, it is suggested that a knob to adjust the red-green ratio 
of a colour picture may be desirable. 


(1) Introduction 


A viewer seated in front of a colour-television receiver is presented with a small 
two-dimensional scene of moderate luminance. The room in which he views this 
scene is probably illuminated by a very small amount of tungsten filament lamp 
lighting. 

The original scene which is being scanned by the camera is large and three- 
dimensional, and it may be in bright illumination from sources of very different colour- 
rendering properties, such as sunlight, north-sky light or high intensity tungsten 
filament lamps. 

Because the viewing conditions in the two cases of the original and the trans- 
mitted scene are usually so different, the colours of the images on the television screen 
need to be different from the colours in the scene in front of the camera if the camera- 
man and the home viewer are to receive the same impressions. 

MacAdam(!) and Hunt(?) have shown independently that the colours of paintings 
or colour-photographs should differ in various respects from the colours of the scenes 
they are representing, if they are to satisfy the majority of people viewing them. This 
is attributed by them to the differences in viewing conditions between the original 
scene and the reproduction of it. 

It is, however, very unlikely that the viewer at home has seen or is really familiar 
with the original scene being transmitted at any one time, especially as the appearance 
of the scene varies with changes in the weather and at different times of the day or 
year (3)(4). It can be assumed that he will have no direct comparison, in most in- 
stances, between the original scene as it would appear to him if he were actually 
there, and the picture he sees on the colour-picture tube; this evidently makes the 
desirable colour-rendering properties of the television system very much less critical. 
On the other hand, a side-by-side simultaneous comparison of original and synthe- 
sized scenes would make it necessary to keep any differences in subjective hues to 
much smaller values than is necessary when no such comparison is available. These 
considerations make it difficult to assess the exact requirements of colour-reproduction 
by a television system. 

It does not seem essential, at first sight, that the subjective hues on a colour- 
television screen need bear more than a moderate resemblance to the subjective hues 
of the original scene, but it is difficult to interpret the idea of a “ moderate” resem- 
blance when attempting to specify the tolerances to be permitted ina | colour- television 





~The author is with the British Broadcasting Corporation. The manuscript of this paper was first “received 
on January 20, 1954, and in revised form on April 30, 1954. 
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system. It is undoubtedly important to reproduce flesh tones with reasonably high 
accuracy, but even here the viewer will probably not know whether the person being 
televised is sunburnt or pale, dark skinned or fair, although he will certainly object 
to other types of variation, such as a tendency to green or purple tinges on the face, 
Make-up will undoubtedly play an important part in televising people from a studio, 
and by its use, adjustment may be introduced to compensate for the characteristics 
of the television system. Such an adjustment should, of course, be minimal. 

Before a colour-television service is presented to the general public it is certainly 
desirable to obtain some idea of what colour-rendering characteristics would please 
the majority of people, and how far a system could deviate from these characteristics 
before it would be noticed or become objectionable. Owing to the complexity of 
the problem it was decided to tackle it, at least initially, by conforming as closely 
as possible to the practical case of a viewer seeing a colour-television image of an 
original scene which was quite unknown to him. Some representative coloured 
- scenes, therefore, were placed in front of a colour-television camera and the reactions 
of a number of viewers were noted when they were shown the reproductions on a 
colour-picture tube in a darkened room. 


(2) The Colour Channel 

The colour system available for these experiments was of the frame-sequential 
type(5). Disks made up of colour-filter segments are rotated in front of the camera 
tube and picture tube to enable successive frames to be analysed and synthesized in 
time sequence as the red, green and blue components of a scene. In this way 25 
complete colour pictures were presented per second, each picture consisting of two 
interlaced red frames, two interlaced green frames and two interlaced blue frames. 
Each frame contained 2024 lines so that the complete interlaced colour picture was of 
405-line standard. The camera was an image iconoscope. A simple iconoscope was 
found to be too insensitive for practical use as the rotating disk of colour-filter 
segments greatly attenuates the light reaching the camera mosaic. The spectral curves 
of the synthesis colour-filters used in conjunction with the picture viewing-tube are 
shown in Fig. 1. This figure indicates that the viewing screen is somewhat deficient 
in red. The peak of the red curve occurs at about 610 my so that reds will be 
reproduced as rather orange-reds and it is not possible to produce a vivid scarlet. The 
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COLOUR PREFERENCES IN TELEVISION PICTURES 


spread of the curves indicates that the purity of any colour can never be extremely 
high, but very great saturation is rarely, if ever, desirable in a small colour picture. 


(3) Experimental Details 


The colour channel was set up by an experienced operator, who adjusted the 
“tilt and bend” signals, beam current, etc., and the settings thus made on most 
of the controls were then kept constant throughout the experiments. On each occasion, 
only the controh varying the parameters being investigated was altered and each con- 
trol knob was marked so that it could be returned to its original setting when required. 
Two series of observations were made. 


In the first series, the picture-tube grid-bias control was varied. This influences 
saturation, contrast ratio and average picture luminance simultaneously. A decrease 
in grid bias causes a decrease in saturation, due to the effect well known in colour 
physics that the addition of a constant (as distinct from a proportional) amount of 
luminance to each of the primaries constituting a given colour is equivalent to adding 
a certain quantity of white to that colour. Neutral contrast ratio is similarly decreased 
by a decrease in bias, because a constant luminance is added to both its numerator 
and its denominator. Average picture luminance is increased by a decrease in grid 
bias for obvious reasons. Thus, if the saturation of a picture is increased by increasing 
grid bias, the average luminance will be reduced, but the colour contrast and luminance 
contrast will have been increased. Conversely, for a reduction of bias, a picture 
of low saturation, with pastel colours, will have low luminance contrasts and a fairly 
high average luminance. A monochrome picture in this case would tend to appear 
very “flat.” It is not possible to control colour saturation completely independently of 
the other parameters that are influenced by changes in bias; this is the price that has 
to be paid in order to conduct an experiment under normal working conditions as 
opposed to carrying out a rigorously controlled experiment. The theory of the 
influence of photographic contrast laws on coloured photographic reproduction has 
been investigated by MacAdam(®). Goldmark(’) shows, again from _ theoretical 
considerations, that increasing the slope of the contrast law of a television system 
will increase the purity of the colours and this effect was observed in a qualitative 
way in these experiments. Although contrast cannot be held constant during changes 
of colour saturation, it is possible to observe changes of contrast as an independent 
factor when colour has been removed. By taking away the colour-analysis disk in 
front of the camera, a scene first viewed in colour can later be viewed under similar 
conditions in monochrome for the purpose of assessing monochrome contrast prefer- 
ences. These results may then be compared with those obtained for simultaneous 
changes of both contrast and colour saturation, and from this it may be possible to 
extract some information about the influence of saturation on viewers’ preferences in 
coloured pictures. 

Forty people took part in the first series of observations. Each viewer was 
allowed to adjust the bias control on the colour-picture tube until he felt that the 
saturation of the coloured picture thus obtained was satisfactory. It is emphasised 
here that the setting was made without knowledge of the original scene. The experi- 
ment was repeated without the camera disk, so that the bias was adjusted to suit 
each viewer on a monochrome screen. Three scenes were presented to each viewer 
for the observations (Fig. 2). They were : (a) Head and shoulders of a young woman, 
(b) harbour scene, (c) cottage garden scene. The original scenes were coloured 
pictures, but any peculiarities in the colouring of these originals could not influence 
the viewer, who had very little clue as to the actual size and true appearance of the 
objects placed in front of the camera. Scenes (a) and (b) included some fairly 
saturated colours, but scene (c) was a pastel water-colour. The readings of bias 
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Fig. 2. Scenes used during observations 
(a) portrait, (b) harbour scene, (c) 
cottage garden scene. 





control setting made by each viewer were read on an arbitrary scale engraved round 
the knob. 

In the second series of experiments the average scale reading of the bias control 
from the previous tests and for all the viewers was used. The channel was set up 4s 
before by an experienced operator and the bias control set at the average scale reading 
obtained above. Viewers were now asked to adjust the red and green channel gain 
controls until they felt the colour balance of the picture on the colour monitor was 
satisfactory. The blue was kept constant in order to simplify the task. The red and 
green components are sufficient to alter the colour balance and saturation of a scene 
to suit the viewer. 

Only eleven viewers were asked to take part because of the difficulty intrinsic in 
any task involving the adjustment of more than one control knob. To reduce the time 
required for a test, only the first picture, the head and shoulders of a young woman, 
was used. This picture was felt to be the most critical one as it involved flesh tones. 


(4) Calibration 

It was possible with the instruments available to obtain only a rough calibration 
of the colour-channel characteristics. 

The monochrome contrast characteristics (see Appendix for further details) were 
measured satisfactorily by means of a neutral step-wedge placed in front of the camera. 
The brightness of the wedge steps were measured on the original object and on the 
television picture-tube screen with a photometer, and curves of brightness of 
object against brightness of image (gamma curves) have been plotted ip 
Fig. 3(a) for various arbitrary scale readings on the bias control. These 
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gamma curves, of course, are valid only for the particular settings of ail 
the other controls that were made by the channel operator in the first 
instance. The slope of each curve in Fig. 3(a) has been plotted against the bias-contro] 
reading at which that curve was obtained, Fig. 3(b). Fig. 3(c) shows the contrast ratio 
calculated from Fig. 3(a). The slopes of repeat readings taken on different days (and 
not shown in Fig. 3(a)) have also been used, giving a total of 16 points. A measure 
of the variability (see Appendix) of the behaviour of the channel when it was set up 
to the same control settings day after day is given by the scatter of these points about 
the loci drawn in Figs. 3(b) and (c) to represent the calibration of the scale on the bias 
control in terms of gamma. 

Colour-rendering characteristics were measured very approximately by placing 
red, green, blue and yellow sheets of paper in front of the camera and comparing the 
resulting colour of the television picture-tube screen with a Munsell Colour Atlas. The 
colour of the screen varied across its surface, due to the “tilts and bends” which 
showed up very noticeably on the plain field of view. A mask was placed over the 
tube face and just the central portion used for the purpose of specifying its colour. 
The Munsell Atlas had to be held in front of a window so that it could be seen in 
daylight illumination, and this meant that the comparison between the television screen 
and the atlas had to be made across a considerable distance in space. The mask 
aperture on the screen was about 4 or 5 ft. from the Munsell Atlas; thus it was 
possible to make only a rough estimate of colour. These estimates were made for all 
the different red and green control settings chosen by the subjects when viewing a 
coloured picture. The colours of the sheets of paper placed in front of the camera 
were measured accurately in a spectrophotometer, and are shown as crosses on the 
colour diagram of Fig. 5. 


(5) Results 


The results of the first part of the experiment are illustrated by Fig. 4. This 
figure consists of histograms showing the number of test viewers who set the bias 
control to each of the many available positions, both for monochrome and coloured 
television pictures. Dotted lines join the experimental points while the solid line is the 
result of smoothing. 

It is interesting to note that the smoothed curves illustrating the readings used to 
obtain pleasing monochrome reproductions of each picture are more or less of the same 
form, with a single peak at about 66 or 68 on the arbitrary scale. There is a slight 
indication of a small secondary peak on the third curve. 

In the case of the readings used to obtain pleasing colour reproductions, however, 
the smoothed curves all have two peaks, one at about the same reading as that at 
which the monochrome peaks occurred, and another one at a higher scale reading, 
about 71-73 on the arbitrary scale. The greater the scale reading, the lower is the 
luminance contrast and the less the colour saturation. Reference has already been 
made to Goldmark’s theoretical work linking luminance contrast and colour saturation 
in this way(’). It may be, therefore, that two factors are influencing the choices made 
by the subjects, one of colour-saturation quality and one of neutral-luminance contrast. 
Assuming the peaks at about 66-68 on the curves to be made by people influenced 
primarily by luminance contrast, and the peaks at 71-73 to be due to the influence of 
colour saturation, it follows that colour quality alone is preferred at a relatively low 
contrast and saturation. Pastel shades are preferred to saturated colours. Fig. 3 gives 
the meaning of bias readings, such as 71, in terms of monochrome contrast values and 
the shape of the gamma or contrast curves. 

It is not possible to quote a single figure which would represent all the picture 
qualities associated with each grid-bias knob reading, but Table 1 summarises the 
approximate values of most of the contrast characteristics associated with the two bias 
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Table 1 
Monochrome Colour 
Setting : 67 | Setting: 72 
| Mean Gamma of whole curve 0.9 (Fig. 3b) 0.7 
Maximum Gamma of straight portion of curve | 2.2 (Fig. 3b) 1.3 
Maximum Contrast (Peak White/Black) 20 (Fig. 3c) 10 











knob settings of 67 and 72, the two peaks of preference assumed to be attributable to 
the influence of black and white contrast and colour contrast respectively. 

This confirms that in television as well as in other fields(!°) monochrome luminance 
contrast may be exchanged with colour contrast. The exact values quoted above, 
however, represent the average opinion of a relatively small number of people viewing 
television pictures on one particular channel on which it was not possible to dissociate 
the various factors of colour saturation, luminance contrast, and average picture 
luminance. Some viewers possibly may have felt that it was preferable to choose a 
higher average picture luminance at the expense of some contrast. For example 
(Fig. 3b, lower curve), if the bias control knob were set at a value of 50 because the 
viewer preferred a picture in which the gamma curve had a value of 4.2 log units where 
it followed a simple power law, the peak white (Fig. 3a) in the picture would only be 
of the order of 1} ft.-lamberts. Although the picture was viewed in a fairly dark room, 
the viewer may have felt it to be an essential requirement to have a peak white of at 
least (say) 3 ft.-lamberts, and the gamma values for the simple power law part of the 
characteristic would then be only about 3.7 log units. 

Although it can be assumed that in most television systems the various parameters 
of luminance, contrast, etc., will be linked in a similar manner, it is very probable that 
some of them, for instance those utilising a dot tube, may have higher peak whites 
associated with the same gamma and contrast values as those found here, and then the 
preferred characteristics might be different. 

However, from the values of gamma given in Table 1 it would appear to be 
desirable in the case of a colour picture to reduce luminance contrast to about three- 
quarters or two-thirds of what it was in the case of a similar monochrome picture, in 
order to satisfy the average viewer. 

Turning now to the second set of experiments, Fig. 5 indicates on a chromaticity 
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diagram the sort of colour rendering preferred by 15 subjects when colour balance was 
adjustable. The crosses denote the original colours, whilst the circles indicate the 
means of the colours chosen by the viewers. It has been assumed that small areas of 
colour in the picture viewed by the subjects will be influenced in the same way as the 
large sheets of colour used for the calibration. These examples shown in Fig. 5 have 
been confined to the large area colours with which the apparatus was calibrated, 
because it was not possible to obtain valid measurements of the colours appearing in 
the relatively small detail of the pictures viewed on the television screen. The colours 
are all desaturated relative to the original colours in the picture being transmitted, but 
this of course it partially implicit in the method of synthesis. 

All the reproduced colours preferred by the subjects are distinctly more blue in 
shade than the original colours they are representing. It has been observed(*) that when 
people are dark adapted, the subjective white they choose tends to be of a high colour 
temperature rather than the sort of white seen in tungsten filament lamp illumination, 
and this may be the explanation of the present observations. The room in which the 
television screen was viewed was fairly dark and in the absence of any standard criterion 
the subjects may have been imagining a white of about 6,500 deg. K. as their standard, 
the white seen in daylight illumination, whilst the original colours in front of the camera 
were illuminated by tungsten filament lamps running at a colour temperature of about 
2,900 deg. K. As they were given a free choice they might prefer to see portraits in 
daylight illumination or they might merely have a subconscious standard based on 
daylight, which can only be altered temporarily in the presence of a moderate level 
of illumination by tungsten filament lamps. 

Both of the sets of observations indicate that preferences in colour differ from one 
person to another in a sample population. This is to be expected, and the spread of 
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COLOUR PREFERENCES IN TELEVISION PICTURES 
the curves in Fig. 4 and the areas covered in Fig. 5 indicate the magnitude of these 
differences in taste and opinion. The area boundaries in Fig. 5 have been drawn as 
smooth curves that just include all the observations made by the subjects available 
for this experiment. 

(6) Conclusions 


With such wide variations in taste it can be assumed that it will never be possible 
to satisfy everyone the whole time. It is also probable that in aiming to satisfy the 
mean preferences of the population, the exact values desirable will not be very critical. 
Any standard must be a compromise that will please the greatest number of viewers 
and offend the fewest. 

These measurements indicate that the colours preferred in a televised picture 
will be: somewhat desaturated and more blue than the original colours of a scene 
illuminated by tungsten filament lighting. If the scene to be transmitted is in daylight, 
however, this preference for a trend towards the blue in reproduction may not neces- 
sarily occur. Because of the preference for fairly desaturated colours, it is not 
necessary to worry about the defect inherent in this system of colour television, namely, 
that it is impossible to produce really saturated hues. The results indicate that lack 
of saturation in any system need not be considered as a major problem that must be 
overcome in order to be successful in providing a pleasing picture. 

If it is desirable that the overall contrast law for a monochrome television system 
approximate to a simple power law with an exponent of y=1, then for a colour- 
television system it would seem that an exponent of about »=0.7 would be suitable. 
If colour-picture tubes are not made with a lower gamma than the present monochrome 
tubes, then it would be reasonable to provide a de-gamma circuit in the colour-television 
receiver. 

Another defect inherent in the colour-television channel used for these measure- 
ments is the inability to reproduce a good red (Fig. 1). The influence of this point on 
the observations made is not known. It may possibly seem desirable to approach the 
manufacturers of cathode-ray tubes with a view to obtaining a tube phosphor mixture 
with a greater luminescence at the red end of the spectrum. This entails problems in 
vacuum physics and phosphor mixtures beyond the scope of the present investigation. 
It may be mentioned here, however: that although red phosphors are available they 
tend to have undesirably large decay constants which make them unsuitable for frame- 
sequential colour-television systems. 

The difficulty experienced even by subjects relatively familiar with the task typified 
by the second part of these experiments indicates that it will not be desirable to have 
receivers that need adjustment of the individual red, green and blue gain controls, 
once the set has been adjusted by an experienced person and handed over to the home 
viewer. This is an important point to bear in mind both in the manufacture of home 
receivers and in the transmission of colour information. If colour pictures are trans- 
mitted with different colour balance on different occasions it will not be practicable 
to compensate for it at the receiver. Transmission must be self-consistent within 
reasonable limits and receivers must be stable in terms of the interpretation of three- 
colour signals with a constant ratio of sensitivities. It might be desirable to have a 
control adjusting the red to green ratio in a picture; the knob could be labelled 
“Warm-Cold Tone” for the home viewer. 


Appendix 
Overall Transfer Characteristics of a Closed Circuit Television Channel 
Incorporating an Image-Iconoscope Camera 
__ This appendix has been added to consider in more detail than would be desirable 
in the main body of the paper the data collected on the overall transfer characteristics 
of a television channel. Apart from work on film recording(!!), the overall transfer 
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characteristic does not appear to have received much attention in this country, although 
Schade(%)(9) has published papers on the subject in America. 

As already stated, the channel was set up by an experienced operator and luminance 
measurements were made with the grid-bias knob set at various arbitrary readings. The 
monochrome aspects only will now be’considered. 

Fig. 3(a) shows the results of these measurements. Luminance of the original 
scene is shown as a function of luminance of the receiving picture-tube screen, for a 
number of grid-bias knob readings. The family of curves has several interesting 
features. Each curve is “S” shaped and has a more or less straight portion, but the 
length of the straight portion decreases as the overall contrast from black to white 
decreases on the picture-tube face. The slope of the straight portion also decreases 
and, following from this, an increase in grid-bias reading (i.e., a decrease in grid bias) 
increases the luminance of the dark portions of the picture more than it increases the 
luminance of the light portions of the picture. 

In order to see more clearly how the grid-bias control will influence contrast, 
Fig. 3(b) shows the mean slopes (upper curve) and the slopes of the straight portions 
(lower curve) of the curves in Fig. 3(a), plotted as functions of the bias-control setting. 
The individual points are derived, in fact, not only from the single family of curves 
illustrated in Fig. 3(a) but also from similar families of curves taken on different days. 
The scatter of points is an indication of the reproducibility of the curves. 

The maximum mean slope (Fig. 3(b), upper curve) attainable appears to be of the 
order of y = 1.2 to y = 1.3, whilst the minimum is of the order of y = 0.1. 

The maximum “ straight-portion ” slope (Fig. 3(b), lower curve) attained, where 
the relationship between image brightness and scene brightness has the form of a simple 
power law, is of the order of y = 4.4, the minimum being about y = 0.25. 

Fig. 3(c) illustrates the actual contrast obtained, from peak white to black. The 
maximum appears to be of the order of 45 to 1, and the minimum measured was 1.8 
to 1. These values are for the complete “S ”-shaped curve and not just for the simple 
power law portions. 

A few measurements made when the transmission gain was reduced indicated 
similar results with lower overall contrast values. 

These results are of value in predicting the limitations and capabilities of the 
channel. It can be seen at what luminance levels whites and blacks will “ crush,” and 
what brightness relationship will be obtained on the television screen for known objects 
appearing in a scene before the camera. The measurements are simple to make once 
the television system has been set up by the operator, and the variability of a system and 
of the operator setting it up from day to day can also be assessed from the same 
measurements. 


“ 
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Artificial Lighting for Plant Growth 


By A. E. CANHAM, M.Sc. (Eng.) 


Summary 


Light is one of the major factors controlling plant growth. By the 
appropriate use of artificial light greater control over the growth and 
development of plants is possible. It is a complex subject and in this 
paper the effects of different light conditions are discussed. Applications 
of artificial light in research and commercial horticulture are also considered, 
together with the merits of different light sources for these purposes. 


(1) Introduction 


Records of research into the effects of light on plant growth date back to the 
eighteenth century. It is, however, only during recent years that the full importance 
of light as a major growth factor has been appreciated and that satisfactory equipment 
has been available to enable artificial light to be used with advantage. 

Recent advances in the development of artificial light sources together with the 
increasing importance of using scientific methods in horticulture have resulted in con- 
siderable research on the subject. It is not intended in this paper to discuss in detail 
the historical development of this work as a comprehensive résumé was published by 
the E.R.A. in 1946(!). - Since then, however, much further work has been done and the 
present paper discusses these more recent developments and summarises the existing 
knowledge. It must be emphasised that in this highly complex subject, in which much 
still remains unknown, it is neither possible nor desirable in a paper of this kind to 
delve very deeply into the actual mechanisms of the plant by which the various effects 
are made manifest. That is mainly the problem of plant physiologists and is of 
comparatively little importance to the lighting engineer and the grower who are more 
concerned with the practical applications of artificial illumination in horticulture. 


(2) Light Measurement 


In considering the effects of artificial light on plant growth one of the fundamental 
problems concerns the measurement of light quantity. As the response of plants to 
light of different wavelengths appears from the evidence so far available to be very 
different to that of the human eye, illumination units are unsuitable for comparing light 
of different colours. 

The spectral response of plants has not yet been established with any certainty 
nor is it known whether all plants respond in the same way, so that the measurement 
of light quantity is a serious problem. 

Pending the establishment of a satisfactory plant response curve the best method 
of comparing light of different colours is to express the visible light energy in 
ergs/sec./cm.? or in milliwatts/m.2 and to use this together with a spectral distribution 
diagram. The former can be readily measured in the laboratory by means of a 
thermopile but this can hardly be regarded as a portable instrument. It is possible 
to use a photo-electric photometer if the spectral sensitivity of the cell and the spectral 
distribution of the light source in question are known, as a factor can be calculated 
by which the readings in lumens/sq. ft. can be converted into energy units. 

Roodenburg has calculated such factors for the lamps and cells he has employed, 
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and has shown that for the visible spectrum (4,000 — 7,500A) the following figures 
correspond to the energy equivalent of one lux(?). 


SO RSE ae Pea eat REA Rae ae 7.4 mw./sq.m. 
Tungsten filament ............ 6.2 . 
“Daylight” fluorescent ........ 4.0 es 
ny ee a. See 3.0 — 
SE are 2.3 a 


In Holland the Dutch Institution of Illumination Engineering has formed a Plant 
Irradiation Committee to consider this problem and it has recently put forward its 
proposals(3) for specifying the radiation from light sources used in plant irradiation. 
Briefly, these recommend that the entire spectrum should be divided into eight sections, 
of which three are in the visible range, namely 7,200 — 6,100A, 6,100 — 5,100A and 
5,100 — 4,000A, and that the radiation of any source should be completely specified by 
its gross power, net lamp power and the percentage of the gross power in each of the 
given spectral ranges. They also emphasise that use of illumination units for this 
work is unsuitable and recommend that all instruments should be calibrated in terms 
of energy for the radiation of the lamp in question and that the unit should be the 
milliwatt/sq. metre. This unit they propose to term the “Sol.” 

At the Thirteenth International Horticultural Congress this problem was discussed 
and a resolution was passed “ That an international method of recording light-values 
on the lines of the Dutch Committee’s be given serious consideration, with the possible 
setting up of a small working party ”(4). 


(3) The Effects of Radiant Energy on Plants 


Of the whole electromagnetic spectrum there is only a comparatively small portion 
which has any appreciable effect on the growth of plants. This region extends from 
about 2,000A in the far ultra-violet to about 10,000A in the far infra-red. The visible 
spectrum (4,000 — 7,500A) is the section which is of greatest interest, although for some 
purposes the infra-red section is important. In the ultra-violet region wavelengths 
shorter than 3,000A are harmful to plants while the region between 3,000 and 4,000A 
has practically no effect at all. As long ago as 1739 the Swedish botanist von Linné(°>) 
discovered that additional light had an effect on plants but assumed this to be due to 
the extra heat which resulted. In 1788 Senebier(®) carried out some experiments to 
determine the effect of light of different colours on carbon dioxide assimilation. Since 
then a large number of workers have investigated the effects of intensity, duration and 
wavelength of light on different aspects of plant growth. These have been reviewed 
in detail elsewhere(!: 7. 8. 9). 

Light affects plants in several different ways, the most important being (a) the effect 
on plant growth and (b) the effect on plant development. Artificial illumination can be 
of importance in both cases. 


(4) The Effect of Light'on Plant Growth 


The primary role of light in plant growth is as a source of energy, and, as such, a 
essential factor in the reaction known as photosynthesis which takes place in the leaves 
of plants. This is a photochemical reaction of great complexity, the complete nature of 
which is still not known. For the present purpose this reaction can be regarded as the 
combination of carbon dioxide and water to produce plant foods in the form of sugars. 
This reaction cannot take place unless it is energised by light energy absorbed by the 
chlorophyll which is the pigmentation present in the green parts of plants. 

The rate at which photosynthesis takes place depends on the quantity and quality 
of the light in which the plant is growing; so therefore does the rate of growth. Plants 
in full summer sunlight grow rapidly because their rate of growth is not restricted 
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by a shortage of light. During winter, however, natural daylight is very much reduced 
and this limits their growth. At all times of the year daylight is a very variable 
quantity and is often unsuitable for scientific investigations of plant growth and 
behaviour. Artificial light can be employed to overcome the difficulties, but the two 
problems of replacing natural light and supplementing it are very different and must 
be considered separately. 


(4.1) The Replacement of Natural Light 

At present this application is generally of more interest to scientists than to 
growers and the problems are more physiological than economic. When the plant 
is dependent entirely on artificial light for all its needs, for growth to be normal not 
only must the light be sufficient in quantity but it must have a suitable spectral dis- 
tribution and be applied for the appropriate period. 

The quantity and spectral distribution required for this purpose are still subjects 
of investigation. The results found to date, however, can be considered in detail 
and from these it will be possible (within the limits of present knowledge) to indicate 
the most suitable light sources for any particular purpose. 


(4.1.1) The Effect of Colour 

The colour of the light is of primary importance and governs not only the rate 
of growth (as measured by dry weight increase, rate of photosynthesis, etc.), but 
also the shape and development of the plant. Following Senebier’s early investigations 
alarge number of workers have observed the effects of different colours of light on the 
growth of various plants using for their experiments sunlight with coloured glass 
filters, combinations of light from tungsten and mercury lamps, and light from tubular 
fluorescent lamps. The effect on the shape of plants, known as the “ formative ” 
effect, is very marked but all plants do not respond in the same way. The majority 
of plants grow very tall, pale and spindly under red light, whilst blue light of the 
same energy level has the same effect as white light, producing short dark sturdy 
plants. On the other hand some plants, for example the variety of garden pea 
“Meteor” together with beans and some grasses, have shown pronounced elongation 
in blue and green light—an effect which decreased with increasing wavelength. 

The colour of the light also affects the rate of growth of plants, owing to the 
different amounts of energy absorbed by the leaf pigments. Various investigators 
have worked on this problem but full agreement has not yet been reached. The classic 
example of this work was that carried out by Hoover who worked with the wheat 
plant(!°), He measured the rate of photosynthesis in terms of the amount of carbon 
dioxide used. His results, shown in Fig. 1, indicated a maximum effect at about 
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Daylight illumination (Im./ft.?) 
Fig. 2. Effect of daylight illumination on the rate of growth of seedling tomato plants at various 
temperatures. (After Bolas.) 


6,600A, a secondary maximum at 4,400A with an intermediate minimum at about 
5,400A. 

Gabrielsen, on the other hand(!!), has suggested that for green leaves the photo- 
synthetic curve has only a single peak, at 6,600A, falling gradually with decreasing 
wavelength. The recent work of Vince(?) has agreed with the results of Gabrielsen. 

It is evident therefore that for normal growth under artificial light a correct 
balance of colour is of prime importance. Red light produces the most rapid rate of 
growth, but a badly shaped plant; blue light produces a more normally shaped plant 
but the rate of growth is extremely slow. White light is on the whole the most 
satisfactory having both red and blue present in suitable proportions. The advent 
of the tubular fluorescent lamp has largely solved the problem and has made it possible 
to grow plants normally in artificial light, particularly as with this source the problems 
of heat radiation are very much reduced. 


(4.1.2.) The Effect of Light Energy 

So far only the effect of colour has been considered but the quantity of light 
is also of major importance. In this section the use of light of constant spectral 
distribution is pre-supposed and light quantity is regarded either as illumination or 
4 energy, as under these conditions the two quantities will be linked by a common 
actor. 

The natural conditions to which plants are adapted indicate that for the majority 
of plants at any rate a comparatively high illumination is necessary for satisfactory 
growth. It is a well-known fact that growth is slow in winter and much more rapid 
in summer even when allowance is made for the difference in temperature at the two 
seasons. In full summer sunlight the illumination at noon is of the order of 8,000-10,00 
Im./ft.2 and the mean dawn to dusk average in summer is about 2,000-3,000 Im./ft’ 
Growth, however, will only increase with increasing illumination if other major 


environmental conditions such as temperature, carbon dioxide concentration 
and water, are not limiting factors. In 1933 Bolas(!2) found that for a givel 
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temperature the percentage dry weight increase of tomato plants rose to a maximum 
and then decreased again as the illumination increased; he also showed that this 
maximum occurred at different values of illumination for different temperatures. 
This effect is illustrated in Fig. 2 and although the actual illumination values cannot 
now be regarded as reliable, the general indications are correct. Blackman(!3) has 
experimented with sixteen different species and has found that optimum growth occurred 
at illumination levels from (0.5 x daylight) up to (2.5 x daylight). For a large group of 
plants, which included the tomato, the optimum level of illumination was about 
(0.8 x daylight). It is evident from these and other investigations that satisfactory 
growth for many plants should be obtained at illumination values equivalent to day- 
light illumiation of 1,000-2,000 Im./ft.2, and values of this order are generally employed 
in practice. An exception is the practice of forcing bulbs in artificial light, but this is a 
rather different problem and is considered separately in a later section of the paper. 


(4.1.3) Examples of Controlled Light Chambers 


The fact that these have not been used more in the past is largely because suitable 
light sources were not available. In the middle 1920s the Boyce Thompson Institute(!4) 
of America constructed a number of chambers in which various sources were tried 
including (a) tungsten filament lamps at a loading of 25-30 kw., the infra-red radiation 
from the lamps being screened by a water filter, and (b) tungsten filament, sodium, 
mercury and neon lamps both separately and in combination. From this work much 
information was obtained about the relative merits of these light sources. 

Tubular fluorescent lamps are in many ways the most satisfactory source, but 
even with these lamps it is difficult to achieve values of illumination of the order of 
2,000 Im./ft.2 at plant level unless the plants are grown a few inches from a battery of 
tubes. 

The largest number of light-controlled rooms in-use at any one place is at the 
Earhart Plant Laboratory of the Californian Institute of Technology at Pasadena(!5). 
This is known as the “ Phytotron” and was constructed by Went for his studies on 
plant growth. Included in its 45 separate chambers, each of which has its climate 
completely controlled, are 13 which are lighted entirely artificially, A number of 
chambers are illuminated with light of various colours to enable the effect of such 
colours on the growth of plants to be studied; other chambers are equipped to simulate 
daylight. These rooms are fitted with 8-ft. “Slimline” lamps which are overrun to 
increase their light output, together with a number of tungsten lamps to boost the 
long-wave section of the spectrum. The resulting illumination 24 in. from the 
fluorescent lamps is said to be about 1,500 Im./ft.2. 

A unit developed for pasture research in New Zealand has been constructed at 
Manchester University('®). This uses a combination of 150-watt internally silvered 
teflector spot lamps and blue fluorescent lamps to simulate the spectral quality of 
daylight; the illumination is approximately 2,000 Im./ft.2._ Heat-absorbing glass is used 
to filter out the infra-red radiation and forced-air cooling has been included. This unit 
has been successfully used for growing ryegrass plants. 

Van der Veen(!7) has recently developed a light-controlled chamber which can be 
used for plant growth experiments. A glass-walled chamber is lighted by 40-watt 
fluorescent lamps, of which 11 are mounted on each side and eight on the top of the 
chamber; the illumination is 1,000-1,200 Im./ft.2. The spectral distribution can be 
modified by using lamps coated with different phosphors and supplemented if necessary 
by a small number of mercury vapour lamps. Cooling was found to be necessary and 
is achieved by running water irradiated by ultra-violet lamps to prevent algal growth. 

A number of light-controlled chambers have also been constructed by Reading 
University at Shinfield Grange for experiments on the effects of light on plants. The 
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Fig. 3. A con. 
trolled environ. 
ment room at 
the John Innes 
Horticultural 
Institution, 
showing tomato 
plants grown 
entirely in arti- 
ficial light. 





chambers are air-conditioned and the light sources normally used are 80-watt tubular 
fluorescent lamps, although other sources can be employed if required. 

Finally, mention may be made of two controlled environment rooms at the John 
Innes Horticultural Institution(!*) used both for plant breeding and plant growth 
studies. These are basement rooms each 15 ft. 6 in. x 12 ft. 6 in. x 8 ft. high and 
illuminated by eighty 80-watt tubular fluorescent lamps covering an area of 80 sq. ft. 
(Fig. 3). This arrangement gives a maximum illumination of 1,600 Im./ft.2 at 15 in. 
below the lamps and has proved most satisfactory for the growth of tomato plants. 
Tests with “Daylight” lamps, “Warm White” lamps and a combination of both 
showed a slight advantage in favour of the “ Daylight” lamps. 


(4.2) The Use of Supplementary Light 

This is perhaps the application of artificial light which is of most interest to the 
horticultural industry as it can be used successfully in almost all branches. The 
problems involved are not so serious as in controlled light chambers, as the daylight 
helps to remedy some of the deficiencies of artificial light; the choice of a suitable 
source is none the less important. 

Practically all the plants grown commercially during the winter period are grown 
at daylight illumination levels which are much lower than those necessary for normal 
growth. 

Increasing the rate of growth by the use of supplementary light can have 
important economic results by producing better plants earlier. These occupy space in 
the propagating house for a shorter period of time with corresponding savings in fuel 
and labour costs, apart from additional returns obtained from any subsequent increase 
in crop. 

This fact too has long been well-known but the disadvantage of the high proportion 
of infra-red radiation from tungsten filament lamps restricted progress, and develop- 
ments had to await the introduction of gas discharge lamps. Experiments with neon 
lamps, first of high voltage and later of low voltage, showed favourable results. Sodium 
and mercury vapour discharge lamps were also used in plant growth experiments by 
various people. The results were somewhat contradictory as at that time intensities 
were measured in terms of the lux and the foot-candle without it being appreciated 
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that these units were not necessarily the criteria of light relevant to the problem. On 
comparing his results with others already published, Roodenburg (!%) concluded that 
the use of the illumination units was inappropriate and recommended as more practical 
the installed power per unit illuminated area. His experiments were made on tomato 
plants and showed that neon light was the most effective. This source was, however, 
never widely used owing to the cost of the equipment. 

More recently experiments have shown that mercury vapour lamps can be used 
quite successfully and have an advantage in cost over many of the alternative sources. 
As a result the use of supplementary lighting for improved plant growth in winter 
is now firmly established as a commercial proposition. It is essential, however, that 
the correct light sources and the correct technique of using them are employed and 
these will now be considered in detail. 


(4.2.1) The Choice of Light Source 

It has already been established that the rate of plant growth is greatest in red 
light with possibly a secondary maximum at 4,400 A. Apart from filament lamps 
which have too high a proportion of infra-red radiation, the neon lamp was for many 
years the only power available with a high emission in the red and this lamp was 
used and recommended. It is, however, an expensive light source largely owing to 
the cost of the control gear. The 400-watt neon floodlighting tube can be used to give 
a very uniform light distribution and if a cheaper method of control could be devised 
it might prove very useful. 

Sodium discharge lamps have a high luminous efficiency but as nearly all their 
radiation is emitted in the 5890 A doublet their photosynthetic efficiency is not as 
high as that of the neon lamp. Plant response is very good, however, if sufficient 
energy is applied, but as the largest lamp available is only 140 watt, the capital cost 
of a suitable installation would be far too high. 

It was once thought that fluorescent lamps would answer the problem satisfactorily. 
However, to obtain the level of light energy needed for satisfactory growth a large 
number of these lamps are needed mounted quite close together. This calls for (a) 
a large fitting which is either difficult to move or provides serious shading during the 
daytime and (b) a costly installation. Although the fluorescent lamp is the most 
satisfactory source for artificial light chambers, it is not so suitable for providing 
supplementary light on a commercial scale. 

The mercury vapour discharge lamp is available in various sizes from 125 watt 
upwards. The spectral distribution is not ideal but its output is high enough to 
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Fig.4. Single horticultural fitting for a 400-watt 
type MA/H lamp. 





Fig.5 (right). Elliptical reflector for 400-watt 
type MA/V lamp. 
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provide a reasonable energy level. The 400-watt type MA/H lamp has been found by 
Lawrence (7°) to be suitable; when used with a correctly designed reflector it gives a 
reasonably uniform distribution over the width of a normal glasshouse bench. No 
such reflector was available at the beginning of Lawrence’s experiments, so he made 
up a simple trough fitting for the purpose, and this proved quite satisfactory. A similar 
reflector has now been marketed specially for this work and is shown in Fig. 4. Most 
important of all the cost of the whole assembly, including lamp, reflector and control 
gear, is not too high for its use to be economic. 

The vertical burning mercury discharge lamp, type MA/V, has not hitherto been 
regarded favourably for this purpose as the vertical source provides serious light 
distribution problems and no satisfactory reflector existed. This has now been remedied, 
however, and an elliptical reflector is available in which a type MA/V 400-watt lamp 
can be employed (Fig. 5). The distribution is said to be as good as that from the 
MA/H lamp and it has the advantages over the horizontal type of (a) being more 
readily available, (b) using a more substantial and slightly cheaper reflector, and (c) 
producing a rather lower temperature rise beneath the unit. On the other hand, the 
height of the fitting is slightly greater and difficulty may be found in mounting over some 
benches. Units have not been in service sufficiently long to enable a final opinion 
to be formed. 


One of the serious disadvantages of the mercury lamp lies in the associated control 
gear. This unfortunately necessary adjunct is both heavy and expensive and is not 
looked upon favourably by growers, even though the capital cost of the whole 
installation should be recovered in the first year of use. An attractive alternative is 
the Dual type MAT/V lamp which has hitherto been regarded as unsuitable because 
of the need for burning it vertically. The advent of the elliptical reflector, however, 
may enable this lamp to be used more successfully. Tests on MAT/V lamps are in 


progress to determine the effect on plants of the radiation from the tungsten filament. 

It has been suggested that by using fluorescent mercury lamps of the MAF/V 
type, the disadvantages arising from the unfavourable spectral distribution of mercury 
lamps would be overcome to some extent. The correction obtained with present 
lamps is not sufficient to effect a significant improvement, however; moreover, the 
size and shape of the lamps are unsuitable. The recently introduced new colour- 
corrected mercury lamps may be more satisfactory, but 400-watt sizes will be needed 
for this application. 

The xenon arc lamp has a spectral distribution which is very satisfactory for 
horticultural purposes. The quality of its radiation approaches that of sunlight and 
it is at present available in 1 kw. and 5 kw. sizes. The latter, however, is complicated 
by the need for water cooling, while the cost of the smaller lamp is at present rather 
too high. 

So far only light sources emitting radiation continuously have been considered, 
but the possibility of using flashing light sources should not be overlooked. Many 
of the present flash tubes have considerable light outputs for brief periods, but the 
responses of the photosynthetic process to intermittent illumination are not known 
clearly, although it has been shown that the photosynthetic efficiency per unit of light 
is increased by 400 per cent. under certain intermittent light conditions(2!). If this is in 
fact so, intermittent application of light might prove interesting. Further improvements 
in flash tube design will be necessary before they can be used in practice, as at present 
their life is too short. 


(4.2.2) The Lighting Installation 

The above discussion has shown that the most satisfactory source available at 
the moment is the 400-watt mercury vapour lamp. To ensure the best results these 
lamps must be installed correctly and properly used. When units are mounted above 
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Fig.6. A seven- 
lamp _ installa- 
tion mounted on 
an overhead rail 
in a glasshouse 
in Sussex. 


(“ Farmer and 
Stockbreeder”’ 
photograph) 


a bench, a 3 ft. mounting height has béen found satisfactory in practice in this 
country. At this height the illumination on the plane of the bench is fairly uniform 
over an area of 3 ft. 6 in. x 4 ft., and in multiple lamp installations the units should 
be mounted at 4 ft. centres. To improve the “load factor” of the lamps it has been 
found possible to illuminate two batches of plants daily with each lamp. This is 
usually effected by mounting the lamps on small runners on light curtain rails. The 
major problem with this arrangement is the mounting of the chokes and capacitors. 
In one installation in Sussex these are placed on a wheelbarrow and moved along 
with the lamps. In another installation they have been successfully mounted on the 
fittings themselves (Fig. 6). In fixed “single batch” installations a time switch is 
an essential item, but for double batch working the movement of the lamps is effected 
manually and the time switch may be omitted. 

In the Netherlands also the mercury discharge lamp is the one favoured for this 
application, the standard size being a 450-watt lamp known as the H.O.2000. The 
Dutch favour the use of lower average levels of illumination in order to keep down 
the capital costs and their lamps are consequently mounted further from the bench, 
spaced further apart and used for longer periods. There are, however, additional 
advantages in using the higher levels of illumination which justify the increased capital 
cost involved; even with these higher costs, artificial light installations can be shown 
to be a very satisfactory economic proposition. 


(4.2.3) The Application of Supplementary Light 

It is evident that for the most economical operation the maximum possible number 
of plants must be treated simultaneously in the comparatively small area covered 
by each lamp; this limits the use of lighting to seedlings. In the horticultural 
industry the greatest number of plants raised annually during the winter period are 
undoubtedly tomato plants. This is by far the largest single crop grown under glass 
and offers the greatest potential field for the use of supplementary light. 

It is a well known fact in horticulture that tomato plants grown during the 
period November-February inclusive grow comparatively slowly. Any attempt to 
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Fig.7 (abéve). The effect of a 
three-week period of supplemen- 
tary light on tomato seedlings in 
November, 1952; outer plants 
untreated. 


Fig. 8. Subsequent development 
of tomato plants after supplemen- 
tary light treatment. Note the 
second truss already showing on 
the illuminated plant. 





speed up the process by increasing propagating house temperatures produces soft growth 
and taller paler plants which are very susceptible to disease. 

The quantity of early fruit produced is very important and any method of 
increasing this is worth considering. The use of supplementary light is one such 
method. Extensive experiments at the John Innes Horticultural Institution and at the 
E.R.A. Field Station have established that the use of supplementary light at that time 
of the year increases the rate of growth of tomato plants with the following results : 
(a) At the end of three weeks’ treatment the plants have grown as much as they would 
normally grow in about five weeks under natural light conditions (Figs. 7 and 8); 
(b) This difference is maintained throughout the ensuing growth period and the 
treated plants crop about two weeks earlier, so that the total crop picked during the 
first few weeks is increased by about 4 Ib. of fruit per plant, and (c) The total 
weight of fruit picked from treated plants throughout the whole season is increased 
by about 10 per cent. 

The importance of this is correspondingly three-fold : (a) A fortnight’s propagating 
house space is saved together with a fortnight’s fuel and labour costs; (b) 4 Ib. of fruit 
more per plant is produced, equivalent to about 6,000 lb. of tomatoes per acre, and 
(c) This fruit is produced during the period when the value is highest. 

In order to achieve these results the correct technique must be adopted. Seed 
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js sown in the normal way and when the seedlings have reached the appropriate 
stage they are pricked off either into 34 in. pots or into soil blocks, preferably using 
J.LP.2 compost, and placed beneath the lights. By standing them “ pot thick,” about 
150 pots or a rather larger number of soil blocks can be accommodated under each 
light. 

For illuminating one batch per day the light is switched on each evening just 
before dusk—half an hour before sunset is a suitable time—and is switched off at least 
six hours before sunrise, both operations being performed by time switches. This 
means that in January, for instance, the plants receive about eight hours of winter 
daylight and nine to 10 hours of artificial light. The daily period of treatment may, 
however, be extended during the daytime to give up to a total of 17 to 18 
hours of supplementary light if desired. It is most important however that the plants. 
have at least six and preferably seven, hours complete: darkness each night, otherwise 
they develop abnormally. Yellow patches appear between the leaf veins, the leaves 
curl, eventually go brown and die and the plant instead of receiving a growth stimulus. 
receives a severe check. This condition was given the name of “ photoperiodic 
chlorosis” by Withrow; it was discovered many years ago by Roodenburg and many 
of the Dutch workers and ascribed to the effect of high temperatures which are in 
fact more favourable to the development of chlorosis. 

This daily application of light is continued for three weeks by which time the 
plants will have grown large enough to require spacing out; at this stage treatment. 
becomes less economic. 

As this arrangement means that the lamps are only in use for about ten hours per 
day it is possible to improve the economics still further by arranging for the lamps to 
light a second batch of plants when they are not in use for the first. This means that the 
plants are getting some of the artificial light at the same time as daylight, but the 
effect remains the same. The lamps are fitted on overhead rails and illuminate each: 
batch for a period of 12 hours. The ideal time for moving the lamps from one 
batch to the other is noon and midnight, but as it must be a manual operation it is. 
generally found more convenient to move them at about 10 a.m. and 10 p.m. Phis. 
is satisfactory in mid-winter as it still allows each batch to have a minimum of six hours 
of darkness. A suitable curtain or screen ‘is’ necessary: tigre the light away from the 
batch which is not being treated. 

Using this method, upwards of 300 plants: can be Slected at a time with each 
lamp, and succeeding batches can be treated when the first has been completed. 

There is of necessity a temperature rise immediately below the lamp and good 
control of house temperatures is essential for satisfactory results. If house temperatures. 
are kept too high truss development on the tomato may be upset and the first two or 
three trusses may be affected. This problem is being investigated further but satis- 
factory results have been obtained both at Bayfordbury and Shinfield using a house 
temperature themostatically maintained at 60 deg. F. 

Another point should be noted if attempts are made to produce very early fruit; 
if the flowers open before the natural light conditions are good enough serious. 
difficulties may be encountered with fruit setting. These can usually be overcome by 
good husbandry and even by the use of hormone setting agents. The economics of this 
application are of great importance. It can be shown that the increase of 4 Ib. of fruit 
per plant during the first few weeks should be equivalent to an annual cash return 
of the order of £500 per acre. To obtain this a capital expenditure of about £450 for 
lamps and installation is required together with an energy cost of about £40 (at 1d. a 
unit). Thus the increased returns should cover both capital and running costs in the 
first year leaving only the running costs and lamp replacements to be covered in 
subsequent years. In addition there will be savings in propagating house space and 
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fuel which are not included in the above calculations. The use of supplementary light 
for tomato plants should therefore be a very profitable investment. 

Cucumbers are the second major glasshouse crop and these respond in a similar 
way to the use of supplementary light (Fig. 9). In some ways they are even better 
subjects for this treatment than tomatoes. Unlike tomatoes, cucumbers can be grown 
in continuous light if desired. Moreover the question of temperature rise under the 
lamps is less important and no fruit setting problems arise because pollination is 
undesirable. The treatment and lamp arrangements are the same as for tomatoes 


Fig. 9. Response of cucumber seedlings to supple- 
mentary light (upper plant) compared with control 





ix (lower plant). 
i 
i | som (= B12St ; 
| WALUMINATED ~ 1S:ia—~aes2 | Fig. 10 (below). The effect of supplementary light 
on lettuce plants. The control plants are on the left. 
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except that if continuous illumination is employed it need only be continued for about 
10 days instead of 21. 

Lettuces have also been shown to respond well to the use of supplementary 
light (Fig. 10). Lawrence has found that with similar treatment to that given to 
tomatoes similar increases in growth rate have resulted. Roodenburg(2) has shown that 
lettuces respond better to supplementary light in the daytime than at night, the latter 
treatment encouraging stem elongation. He also found that incandescent lamps gave 
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better results than mercury lamps, which indicated that the infra-red content of the 
former was not harmful during the daytime. So far, however, no report has been 
received that this treatment has been adopted in practice in the growing of lettuces. 

These examples illustrate three of the possible applications of supplementary light; 
many other crops will respond to such treatment—in fact it would be no exaggeration 
to say that almost any seedlings would benefit during the winter months of the year. 
Many, however, may not be of sufficient economic importance to justify the expenditure 
on equipment, although valuable use may be made of this technique on all kinds of 
crop required for research purposes. In Holland, where pot plants and other flowers 
are important crops, plants like gloxinias and roses have been successfully treated, 
while from Belgium(22) have come reports of very successful results with Begonia 
semperflorens. It has also been shown in Holland that supplementary light is necessary 
for producing strawberries during the early months of the year. This, however, is 
unlikely to be an economic proposition. 


(5) The Effect of Light on the Flowering of Plants 


It has long been a well-known fact that some plant species flower quite naturally 
in summer while others flower only during winter. Differences in plant behaviour 
of this kind have also been observed when plants have been grown in different latitudes; 
this was discussed by von Linné in 1739 in the reference mentioned earlier. Many 
workers including Bonnier(23) and Klebs(24) have found that additional light or con- 
tinuous illumination affected the growth and development of various plants. The 
effect was, however, generally regarded as being due to the actual quantity of light 
the plants received. 

It fell to two American workers, Garner and Allard(25), to discover that the relative 
daily duration of light and darkness was the controlling factor in the development 
of many plants to the flowering stage. In their work on the breeding of new tobacco 
varieties they discovered that a new variety, Maryland Mammoth, would not flower 
during the normal season in Washington D.C., but when grown in glasshouses during 
the winter, it was found to flower abundantly. Subsequent investigation showed that 
in long days the plants remained vegetative but in short days they flowered normally. 
As a result of this discovery the response of many other plants was checked and it was 
found that plants could be classified in three groups: (a) Long day plants, which 
flower only when the length of day exceeds the critical value; (b) Short day plants, 
which flower only when the length of day is less than the critical value, and. (c) Indeter- 
minate day plants which are apparently not affected by length of day. 

This phenomenon has been given the name of photoperiodism and a considerable 
amount of work has been carried ont in recent years to find out more about this effect, 
and in particular the mechanism of the reaction. It has also been found that the 
production of tubers, bulbs and thickened roots by certain plants, e.g., dahlias, potatoes, 
onions, etc., is dependent on the photoperiod as is also the onset of dormancy in 
many tree species. 

Investigation has also shown that in the so-called short-day plants it is the length 
of the dark period which is important, i.e., a more correct description would be “ long- 
night” plants. This discovery is important because the interruption of the long-night 
period by brief periods of light has the same effect on the plant as lengthening the 
day, but can be carried out in practice more economically. 

The actual mechanism of the photoperiodic effect has not yet been completely 
explained, but a complex of hormones appears to be involved in the process. Although 
detailed discussion of this is beyond the scope of this present paper it may be mentioned 
that experiments have shown that the light stimulus is perceived by the mature leaves 
of the plant and that a single leaf is sufficient to eflect the behaviour of the plant. 
It has also been shown that in many plants after a certain number of favourable 
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Fig. 11. Curve showing 
the photoperiodic effect 
of light of different 
wavelengths. (From 
Parker, Borthwick, 
Hendricks and Went). 
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daylength cycles the plant will flower even if the daylength is subsequently unfavourable. 
This process is known as photoperiodic induction. 

In orger to make use of this phenomenon of photoperiodism in commercial 
horticulture it is necessary to consider the kind of crop which is likely to benefit 
from treatment and the most satisfactory equipment and technique for the purpose. 


(5.1) Light Conditions for Photoperiod Control 

As in photosynthesis the colour of the light used in photoperiod control is very 
important and many experiments have been carried out to ascertain the spectral regions 
to which various plants are most sensitive. Investigators have used different lamps and 
other methods for obtaining light of various colours and it is not possible to discuss 
them in detail. The results indicate that plants fall generally into two groups: (a) those 
having the greatest reponse in the green, yellow and red regions (5,000—7,000A) and a 
very much smaller response in the blue, violet and infra-red regions (4,000—5,000A and 
7,000A +) (see Fig. 11)(26); and (b) those having the opposite response. The former group 
is by far the larger and contains many common plants. The latter is limited to certain 
members of the Cruciferae family. 

These results indicate that the most suitable source of artificial light for photo- 
period control is one having a high proportion of its radiation in the red and near 
infra-red regions of the spectrum. For this reason tungsten filament lamps are admirable 
and have proved much more satisfactory than fluorescent lamps. Filament lamps have 
the added advantage of cheapness. 

The quantity of light required is much lower than that needed for photosynthesis 
and provided the illumination level is above a certain minimum value the quantity is 
not particularly important. The actual value of this minimum has not been deter- 
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mined precisely and does in fact vary with different species. Cocklebur, for instance, 
is sensitive to an illumination from tungsten lamps as low as 0.3 Im./ft.2._ For general 
photoperiodic effects however 5—10 Im./ft.? should be regarded as the minimum value. 

If, on the other hand, photoperiodic control is effected by breaking the long night 
into two, both the duration and intensity are important as well as the period of 
application. It has been found that the maximum effect is obtained if the break occurs 


Fig. 12. The effect of photoperiod control on the flowering of the chrysanthemum, var. 
Friendly Rival. (a) lighted August 16th—September 13th (b) unlighted control. Photographs 
taken November 22nd, 1951. 


halfway through the dark period and also that it is the total quantity of light received 
at that time which is important. If, for example, it was established that for a given 
plant an illumination of 1,000 Im./ft.2 applied for one minute was sufficient to effect 
a response, then illuminations of 100 Im./ft.2 for 10 minutes or 10 Im./ft.2 for 100 
minutes would be equally effective. In practice an illumination of at least 10—15 
Im./ft.2 would be employed for about 2 hours. 
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(5.2) Practical Applications of Photoperiod Control 

A knowledge of the photoperiodic response of plants has provided an additional 
technique for use in practical horticulture. The fact that cheap light sources can be 
used and that only low illumination levels are required mean that it is a comparatively 
inexpensive process. Different branches of horticulture have their own problems in 
this respect but the examples below illustrate typical applications of artificial light in 
photoperiod control. Among the many purposes for which such control may be 
employed are the advancement or retardation of flowering, prevention of dormancy 
in certain plants and the encouragement of tuber formation. 

One of the most promising applications in this country is the retardation of mid- 
season or late flowering chrysanthemums to enable them to catch more favourable 
markets in particular the Christmas market. Retardation has been fully investigated 
in America for American varieties and recommendations have been published(2’. 2 
to enable chrysanthemums to be produced all the year round by appropriate shading in 
summer (to shorten the daylength) and by artificial light treatment in winter (to increase 


Fig. 13. An _ installation of 

tungsten filament lamps for 

extending the daylength for 
chrysanthemums., 


the daylength). The question of whether it is either economical or desirable to have 
chrysanthemums all the year round in this country is a debatable point, but for special 
purposes, e.g., shows and later markets, the use of artificial light is quite an attractive 
proposition. 

The late-flowering chrysanthemum is a short day plant, initiating flowers only when 
days become shorter than 144 hours. If the day-length is extended artificially beyond 
this limit before flower initiation has commenced, it is possible to maintain the plant 
in a vegetative condition almost indefinitely. Subsequent flowering is induced by 
transferring the plant to short days, when flower initiation takes place followed in due 
course by flowering. It is evident from this that timing of the operation is of para- 
mount importance if success is to be achieved. 

The time when such treatment should commence will depend partly on the season 
and partly on the variety but will in any case occur when the plants are on their standing 
ground prior to being moved into the glasshouse. The standing ground is thus the 
best location for the lighting equipment which can then be used right up to the time 
when the plants must be housed owing to the danger of frost. Further treatment 
beyond this period means either that the equipment must also be moved indoors or that 
a second installation in the houses must be provided. 

In experiments at Reading University, Vince(9. 29) has shown that illumination on 
the standing ground is quite a practical proposition and that certain late flowering 
varieties, in particular Friendly Rival, Imperial Pink, Late Delight, Margaret Vinten, 
Mollie Nicholson and Yellow Paine, can be successfully delayed for the Christmas 
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market (Fig. 12). Other varieties can also be delayed to give an extended season, but 
mid-season varieties can only be delayed for Christmas by continuing the treatment 
inside the glasshouse. 


The equipment required is comparatively simple and inexpensive. That used by 
Vince is shown in Fig. 13 and is eminently satisfactory for use in commercial horti- 
culture. Forty-watt tungsten filament lamps are mounted 6 ft. above the ground 
and about 4 ft. apart. No reflectors are used and the plants are placed either in 
single or double rows beneath the lamps. It is estimated that for such an installation 
covering double rows, the annual cost would be of the order of 3d. per plant, assum- 
ing electricity at 1d. per unit. 

The effect of long days can also be obtained by breaking the night by short 
periods of illumination. Both methods have proved effective for chrysanthemums and 
since the latter is the more economic, it is to be preferred. As the most effective time 
for the illumination period is about the middle of the dark period, and as a period of 
two hours is adequate if the equipment recommended above is used, treatment from 
midnight to 2 a.m. is quite satisfactory. The exact time of the year at which treat- 
ment should commence will vary according to variety as it is essential to commence 
treatment before flower initiation begins. For varieties normally flowering between 
the end of November and early December treatment commencing about mid-August 
and continuing for about four weeks should be effective in delaying flowering until 
Christmas in Southern England. Precise details for each variety are not yet avail- 
able as they are in America, but the necessary data would no doubt be obtained 
if the demand was sufficiently great. 


In Holland another important application of artificial light for photoperiod control 
is in the culture of the winter flowering begonia. Artificially lengthening the day 
prevents the plants going dormant during the winter and instead they remain vegetative. 
This enables cuttings to be rooted in January instead of in May so that much larger 
plants are available for marketing. 

This is quite a normal cultural practice in Holland and a variety of light sources 
are used. On one very large nursery 400-watt neon lamps are employed mounted in 
the apex of the houses. 


In the plant breeding industry photoperiod control can be employed successfully 
with a number of biennial plants. Using this treatment, combined with artificial 
vernalisation, many biennials can be induced to complete their two year life cycle in 
one year. This is of immense value in plant breeding as the results of experimental 
crosses are available in only half the normal time. 

These are just three examples of the more important practical applications of 
photoperiod control in commercial horticulture; there are many others, but it is not 
possible within the limits of the paper to consider these in detail. The technique and 
equipment for all applications will be much the same as recommended for chrysan- 


themums, but for times and durations of application specialist advice may be 
necessary. 


(6) Artificial Light for Bulb Forcing 


It has already been mentioned that bulb flowers can be grown satisfactorily in 
dark chambers with the use of artificial light. There is an adequate reserve of food 
in the majority of bulbs which will enable them to flower without further 
photosynthesis, but if the plants are allowed to flower in the dark, they become 
tall, weak and colourless. Light is essential, not for photosynthesis nor for providing 
a suitable daylength, but for chlorophyll production, colouring of the flowers and 
controlling the shape of the plant. For this purpose filament lamp illumination of 
comparatively low value is adequate. Irises, however, require somewhat higher 
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levels of illumination and some photosynthesis may be necessary for satisfactory 
flowering. 

Bulbs are normally forced in glasshouses where they are placed in boxes from 
early December onwards and grown in temperatures varying from 70-55 deg. F. Fuel 
consumption is high because of the high rate of heat loss through the glass. If, however, 
bulbs can be satisfactorily forced in dark chambers, other buildings having better 
thermal insulation can be used and a considerable saving of fuel effected. The ideal 
chamber for the purpose is a cold store not normally in use at that time of the 
year, the rate of heat loss from this being only about 10 per cent. of that froma 
glasshouse. 

Further, by using artificial light for forcing, bulbs can be forced in tiers. Up 
to three tiers are possible in such a chamber, the lamps for the lower tiers being 
mounted on the under side of the tier above. If three tiers are employed a chamber 
only one-third of the size of the corresponding glasshouse is required, thereby effect. 
ing a further saving of fuel. The combination of three tiers in a cold store could, 
in fact, result in a saving of 96 per cent. of the fuel required for normal forcing ina 
glasshouse. 

The heat from the lamps provides quite a large proportion of the final heat 
requirement; the remainder can be obtained from thermostatically controlled electric 
heaters. A further advantage of such installations is that air temperature fluctuations 
are reduced to a minimum, which very much reduces the risk of the disease known 
as tulip fire. 

This technique of bulb forcing was developed in Holland(3°. 3!) and is used satis- 
factorily not only there but also in France. A number of installations have been used 
in this country but so far the method has not become very popular. In view of the 
potential saving in fuel and in fuel costs a full scale investigation seems desirable in 
order to prove the practicability and economy of the system before it is taken up by 
those engaged in bulb forcing. 

As a result of the work in Holland by van Geel(*2. 33) and his colleagues it has 
been established that tulips, daffodils and irises can be grown satisfactorily under these 
conditions. For tulips and daffodils, 40-watt tungsten filament lamps arranged to give 
a loading of 80 watts per square yard of bench are satisfactory and should be mounted 
about 9 in. above the top of the plants, the lamps being raised as the plants grow. 
For irises, however, the loading should be increased to 120 watts per square yard. 
For all plants a lighting period of 12 hours daily is adequate. 


(7) Miscellaneous Applications of Artificial Light 


In addition to the effects of light on plant growth already discussed there are a 
number of other interesting effects, one or two of which are worthy of mention. It 
has been shown by work in Holland (34. 35), that the rate of elongation of sprouts on 
seed potatoes can be retarded by the use of fluorescent lamps. It is not always possible 
to maintain in seed potato stores the low temperature necessary to discourage sprout 
growth, but if artificial light is used, insulated buildings and cellars can be employed. 
Red light is more effective than blue and very low level illumination from ‘“ Warm 
White” lamps is sufficient. Tungsten filament lamps are unsuitable because of the 
high proportion of infra-red radiation which encourages the growth of long sprouts 
The fluorescent lamps are mounted vertically between the potato trays; the Dutch 
recommendations are that one 40-watt lamp is required for every 7 sq. yards of 
floor area and every 5 ft. of stacking height and that lamps should be operated con- 
tinuously once shoots begin to appear. Shoots which eventually develop are short, 
dark and firm and in ideal condition for planting. 

Aquatic plants also respond to supplementary light and plant growth in indoot 
aquaria can be improved by the use of artificial light. Tungsten filament lamps and 
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fluorescent lamps are both suitable. With the former, some heating of the water 
occurs which may give added benefit or, on the other hand, may be undesirable in 
cold water aquaria. About 18 watts/sq.ft. of bottom surface is required with tungsten 
filament lamps, or about 6 watts/sq.ft. with fluorescent lamps. 

Finally, an unusual and interesting application of artificial light is being investi- 
gated in Holland. Experiments have shown that certain varieties of apple fail to 
colour satisfactory until some time after the fruit is actually ripe. Fruits picked when 
ripe but still green in colour do not look so attractive and do not command a very 
good price. Preliminary experiments have shown that if such apples are placed in 
suitable artificial light, they turn red within two days. Heat is undesirable as this 
tends to dry the fruit and consequently fluorescent lamps have been used. Even with 
these, however, some drying occurs and experiments continue in order to find a satis- 
factory solution to the problem. Investigations so far completed suggest that green 
and blue light are the most effective. 


(8) Conclusions 


In this paper an attempt has been made to indicate some of the many ways in which 
light affects the growth of plants and how these effects can be used in practice to 
improve the growing conditions and to produce an economic return for the grower. 
It is a complex subject and to consider every aspect fully would require many 
papers. Plants have very specific requirements and for satisfactory results it is essen- 
tial that the installation be correctly designed for the particular purpose. 

Much work has been carried out but much remains to be done by both the 
lighting engineer and the plant physiologist. Improved light sources at competitive 
prices, particularly for supplementary lighting, would be especially welcomed. The 


horticulturist feels that the lamp designer is only interested in lumen efficiency; the 
lighting engineer could no doubt produce a better lamp if he appreciated the require- 
ments of the plants. It is hoped that this paper will in some measure help towards 
that end. 
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Discussion 

Mr. CAMERON BROWN: This paper has not come before its time. We badly 
want statements of this kind, particularly before a public of this type, in order to get 
these facts in the forefront. 

This whole development of light radiation of plants has been a rather vexed 
one. I am speaking from the point of view of the men in the field, who want to 
see more lights put into use and more electricity used to make plants grow and s0 
add to the good of mankind. 

The scientists have been playing about with these things for, as Mr. Canham has 
said. some 100 years. They are all very careful; they like to play about on the 
laboratory side, but will not run the risk of making some recommendation which 
might be wrong and lead to trouble in practice, so I think it is all the more to the 
credit of Mr. W. J. C. Lawrence that he has had the courage of an applied 
scientist to say, “ Do this and I think you will get some results,” and I think it is 
due to his recommendation that mercury-vapour lighting has been so successful in 
the last few years. 

It has not, however, been wholly successful under all conditions. It is one of 
those ideas which has been put into practice and we are only now going through the 
teething stages in applying these recommendations. We hope that Mr. Lawrence's 
work—although we may cross swords with him technically—will lead to further 
technical developments and we have Mr. Canham on our side of the picture doing his 
best to interpret the applied scientists’ work. 

I am a member of a committee on which Mr. Canham is the technical member. 
and when these people start talking about the complications of measuring light these 
days, I just sit and listen—I do not understand—and yet the difficulty of measuring 
light energy is one of the problems of the men in the field helping to install these 
appliances. 

Mr. Canham has mentioned future methods not yet developed of measuring these 
light energies. This may well take years. In the meantime, therefore, I take the 
liberty of asking those here who have applied scientists’ minds to consider whether 
they could not give us these light values in something like “ corrected lumens pet 
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square foot” so that we could get an equivalent measurement by methods which we 
could apply more easily. 

A major difficulty in applying artificial lighting to plant growth by certain of the 
methods described by Mr. Canham is the complication of control gear, to which Mr. 
Canham has referred. We must ask the manufacturers to give us lamps with less 
complicated equipment, which is regarded by growers as an unnecessary encumbrance 
as well as an extra cost. That is referred to in the paper. 

I would like to make a passing reference to the two types of mercury-vapour lamps 
to which the author refers. A drawback with the vertical type is that it requires 
more head room, but in order that we can compare the two types on proper grounds, 
we must recognise that the distribution of light from the vertical type is such that you 
can lower the lamp itself so that the overall head-room may not be so much to the 
disadvantage of the vertical type. 

In order to reduce the overhead cost of these Jamps it is almost essential to 
arrange alternative positioning. This reduces the electrical load and reduces the first 
cost. We find, in general, that it is better to keep the control gear stationary and 
wire to alternative plug-in points or socket outlets so that the weight on the moving 
lamp is reduced. Sometimes the structure of some of the older bouses is not all that 
could be desired and the less weight you have to move about the better. 

As in everything new, we have suffered from over-enthusiasm. A man says: 
“This is the answer to all my troubles. Let us go in for it.” These people come a 
cropper sooner or later, so it is as well to recognise that the benefits which can be 
derived from mercury-vapour lighting at this stage are very modest but well worth 
aiming at. 

Rather than attempt to get exceptionally early plants, we think it better to apply 
the benefits in the way of getting later and shorter propagation, so shortening the period 
of heating and putting off heating for a fortnight. It does not always apply, but it 
may mean you are saving the cost of heating at a colder period. I know that you may 
Tun into even colder periods still, but the general result is that the grower puts off his 
period of heating the glasshouse. 

Also, in applying light to plants in the seedling stage, the question of temperature 
at the plant is a very important one and there has been a tendency to run into trouble 
because of overheating. We find, as the author says, that 60 deg. F. in and about 
the plant at that time is the maximum and that can usually be reached if the general 
house temperature is not much more than 52-54 deg.; otherwise, you may get into 
trouble. 

The application of light to the growing of cucumbers has been satisfactory but 
has not been applied to the same extent as it has to tomatoes. The control of flowers 
has not been very widely put into effect and we wonder whether the control of 
chrysanthemums will get us very far. There are certainly signs that more can be 
said for the control of tulips and daffodils and such plants as the author mentioned, 
flowering in insulated buildings away from daylight, so cutting out the heat losses 
which are so very severe where you use glass structures. That has been done in 
this country as well as abroad. 

There is one final point I would like to deal with and that is the question of 
electricity tariffs. 'We would like to see the use of electricity for these applications put 
on an off-peak tariff, but, unfortunately, with the necessity for six or seven hours of 
darkness for tomatoes, for instance, you are bound to run into peak times and we 
cannot see a way round that. The only thing we would like to suggest is that we hope 
the Electricity Boards will look sympathetically on these as process lighting and not 
“lighting” as such and give the benefit of the doubt to growers. Some boards have 
done it and I am sure that all will feel sympathetic. 

We suffer from growers who expect too much from these applications and parti- 
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cularly from growers who are not quite first class. As in everything else, the tech. 
niques are changing so much that, the best and most advanced techniques can only be 
properly utilised and enjoyed by the best growers. One of the difficulties of ou 
colleagues in the field is the trouble that indifferent growers will get into if they look on 
these methods as an easy means to a cheap end. 


Mr. F. E. ROWLAND: We have listened to a very valuable paper containing a lot 
of useful information, but I think there is a risk that should growers and others con. 
nected with the horticultural industry read the paper they may be more impressed 
by the scientific aspect than the practical implications, which are very important. h 
presenting the paper Mr. Canham emphasised these practical aspects and particularly 
the artificial light irradiation of plants and the use of mercury lamps for stimulating 
early crops, particularly tomatoes and cucumbers. This application is well established 
and promises to expand considerably. 


Yesterday I had the privilege of inspecting installations of mercury lamps in this 
district put in by Mr. R. Marshall, of the North-Western Electricity Board. By being 
permitted to concentrate on the horticultural industry, Mr. Marshall has achieved some 
noteworthy results in developing applications such as plant irradiation and soil warming. 
It is only by having specialists with an intimate knowledge of the subject in close touch 
with growers that such applications can be developed as fully as possible, and similar 
results could probably be achieved by other Electricity Boards if they appointed 
similar specialists. 

There are one or two points in the paper to which I would particularly like to 
refer. It might be emphasised that Section 4.1.1. is dealing with monochromatic light, 
especially where it refers to red being unsuitable for growth. It is, of course, well 
known that red neon light, which is polychromatic, is very effective for plants, a point 
which might be overlooked by a casual reader. 

Mr. Canham referred to installations where the auxiliary gear is mounted on 
wheelbarrows; this is not very satisfactory and is unlikely to be used in the future. 
Mr. Cameron Brown mentioned the factor of additional weight when the gear is 
mounted above the reflector; this can be quite considerable and may entail a special 
supporting structure. Another method is to assemble the gear centrally with socket 
outlets adjacent to the positions in which the reflectors are used. With this method 
the gear may be mounted outside the house, which enables it to be removed from a 
warm, humid atmosphere. 


Mr. Cameron Brown sounded a warning against over-enthusiasm in advocating 
a new application such as irradiation. However, the danger of under-enthusiasm 
and the risk of delaying the recommendation of an application until it is obsolete, 
must not be overlooked. 


In the concluding section of the paper Mr. Canham states “ The horticulturist 
feels that the lamp designer is only interested in lumen efficiency.” This is in line 
with Mr. Canham’s recommendation of high intensities in his introductory remarks, and 
his statement that results are proportional to the energy falling upon the plants. At 
present lamp and fitting designers are concentrating on maximum lumen efficiency 
and they are likely to continue to do so until the scientist shows that something 
different is preferable. 

Mr. Canham also expressed the hope that other sources of illumination would be 
discovered, a sentiment with which, I am sure, we all agree. However, as economics 
will always play a decisive part, it is likely that standard lamps which are manufactured 
in large quantities will be preferred. 

The ultimate aim is to supply the consumer with a cheap, healthy and varied diet, 
and this will be achieved by co-operation between the scientist, the horticulturist and 
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the engineer. We are deeply indebted to Mr. Canham for the very valuable work he 
js doing in this field. 


Mr. J. S. SMyTH: I want to congratulate the Papers Committee of our Society 
for bringing this paper to us: it is a long time since I have enjoyed a paper so much, 
and the reason is that I know very little about the subject. It is sometimes a good 
thing to realise that there is a branch of one’s own profession about which one is 
virtually ignorant. 

I am puzzled by the theoretical difficulties which seem to be experienced in the 
measurement of the effect of radiation on plant growth. In particular I cannot see 
that the use of milliwatts per square metre as the unit of measurement is preferable 
to the use of lumens per square foot. Surely the plants are not particularly concerned 
with either unit, but with the spectral distribution of the energy which is summated 
in the unit. 

There seems to be an analogous problem in the photographic world. There is 
a variety Of photosensitive printing materials, each of which may have a different 
response to each of a variety of lamps. The problem has been attacked on the basis 
of measuring the relative photographic effect of each lamp for each material. In other 
words, with a given photosensitive material, one might find the relative photographic 
effect for a certain mercury lamp was 2, taking the effect of tungsten lamps as unity: 
then for the same illumination, the mercury lamp would give twice the printing speed. 
If a similar approach could be made to the problem of plant growth it should be 
possible to assess the desirable illumination for any suitable light source for any plant, 
or, presumably, group of plants. 

There is another small point on which I should like information: can one integrate 
time and irradiation intensity when supplementing daylight? In other words is five 
hours at a given illumination equivalent to two and a half hours at twice the 
illumination, assuming of course that critical temperatures are not exceeded, or is 
there any improved result from the longer exposure at a reduced illumination? 


Mr. S. ANDERSON: There are three points in Mr. Canham’s paper on which I 
would like enlightenment. The first is concerned with the supplementary use of 
artificial lighting during the hours of daylight. I am no gardener and know little about 
the requirements of plant growth, but surely it is “ gilding the lily” to add our meagre 
1,000 Im./ft.2, or the equivalent in whatever quality the plant takes notice of, to some- 
thing which is probably many times that value coming from the sun. Could Mr. 
Canham indicate under what natural daylight conditions and levels of illumination 
it is found worthwhile to apply this supplementary lighting ? 

Secondly, I must confess to being a little confused about the units which Mr. 
Canham mentioned. Early on he mentioned the unit which has been christened the 
“Sol,” which is a milliwatt per square metre. Then, later, I heard something about 80 
watts per sq. ft. | Now, I assume that the 80 watts per sq. ft. was input energy to the 
lamps and if they were of the discharge type, I assume that must mean something of 
the order of 10 to 20 watts of light energy falling on the plants, for which the unit 
of a milliwatt per square metre seems rather inadequate. There must be many thousands 
of milliwatts to the square metre when such a number of watts per sq. ft. is converted. 

Thirdly, I noticed with sympathy the desire to dispense with the control gear 
associated with these discharge lamps, but I wonder whether Mr. Canham and others 
who are so anxious to dispense with the gear have realised quite what the implications 
are in the additional power consumption of the system if they change to something 
simpler in the form of a resistive type of ballast? It seems to me that the weight 
of the gear and its initial cost must be offset by the high cost of the wasted energy if 
one dispenses with them in favour of a resistance or a filament lamp. Either is 
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admittedly cheaper and lighter, but would absorb a lot of energy apparently to no 
useful purpose, since Mr. Canham has told us that light without heat is needed. 

I think it might be possible to economise in the weight of the control gear if one 
could employ several discharge lamps in series operated from a single control choke 
or transformer, but I also feel that this is not a very practical way of reducing the 
control gear. It would involve high voltages which, in a greenhouse, must involve 4 
considerable risk of shock. 


Mr. HowarD Lonc: I wish to emphasise the importance of the application of 
technical knowledge and here we have a practical way of doing a job if only the 
growers will observe the rules. The illuminating engineer will absorb the knowledg 
and pass it on. 

I would like to ask Mr. Canham whether any work has been done on bench 
warming in conjunction with a mercury lamp in place of the control gear, and whether 
the use of bench warming as a resistance has been tried out experimentally, because 
it seems to me that that might be a possibility. 

Thirdly, in connection with this high-speed flashing arrangement which Mr. 
Canham mentions, a colleague of mine has suggested that it might be possible to do that 
sort of thing with a series of lamps flashing along the bench. This question has been 
prompted by a Supplement to “The Times” which dealt very extensively with the 
subject, but that was on the matter of algae. I think in that article they explained that 
when one had a real live plant the thickness of the tissues was too great and I would 
like to know what Mr. Canham has to say. 


Mr. JACKSON: Mr. Cameron Brown has mentioned over-enthusiasm and Mr. 
Rowland has mentioned under-enthusiasm : I suggest that the grower’s enthusiasm will 
vary in accordance with his profit. In consequence, in order to sell lamps to the 
grower, we must convince him and he must convince himself that this is a profitable 
proposition. 

Recently I have been associated with tests carried out by growers and I find that 
it is essential in the first instance for the grower to have a small trial installation to 
convince himself that he is on a good thing. Also, we find that the grower has to 
acquire a new art; here is a new tool in his hands and he has got to know how to 
use it. Just as he buys a rotary tiller and gets to know the machine, so he has got to 
understand our lamps. I suggest that the approach we, as illuminating engineers, 
should make to the grower is to say to him: “Try a small-scale installation and con- 
vince yourself that what we say is correct. Acquire the art, acquire the ‘ know-how’ 
of this new tool before you proceed with a large and probably costly installation.” 

Secondly, I think it is essential that growers using lamps for propagation purposes 
should only alter one variable at once. So much of the work that has been done with 
growers has been confused because at the same time as using his new light source, 
he has changed to another form of fertiliser, he has put his temperature up or down, 
he has introduced about five variables and if his crop fails, he blames the newest 
growing aid, that is his new lamp. He will not blame his fertiliser, his coke, or his 
coal fire going out; it is the lamp that takes the blame every time. 

Mention has been made of the photosynthesis curve and it does appear that its 
exact form is in some doubt. I think that, as lamp manufacturers, we should point 
out that it is possible to produce fluorescent lamps with suitable phosphors which give 
appreciable energy between 3,000 and 4,000A. In consequence, if you find that plants 
respond to energy of between 4,000 and 5,000A, the lamp manufacturers have a source 
that will give you that energy. 

Lastly, we have on the market numerous germicidal light sources which give @ 
radiation between 2,000 and 3,000A. I would like to ask if these would be of any use 
for preventing plant virus. I have recently done some experiments with germicidal 
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lamps on cheeses and found that we can kill certain forms of spore and virus on the 
outside of cheeses. Is this application of any use in horticulture ? 


Mr. S. S. BEGGS (communicated): I should like to hear the author’s views on the 
Dutch proposals for the specification of the irradiation, Personally | dislike them on 
two counts. Firstly, the eight-band specification seems to me to be premature; at the 
present state of knowledge the complete spectral energy distribution curve for any 
source used for research should be given. Secondly, for practical purposes it is very 
desirable to have a single figure for the measure of the useful irradiation: I do not 
think that the “sol” is a suitable unit, for it bears no relationship to the effectiveness 
of the irradiation. One sol provided by an incandescent filament lamp would have 
a very different effect from one sol provided by, for example, a H.P.M.V. lamp. It 
is clear that beneficial effects arise from irradiation only within or close to the visible 
spectrum, and, therefore, to the horticulturist measurement in light units (e.g., 
Im./ft.2) must be more indicative of desirable effectiveness than in pure energy units, 
such as the sol. I had the privilege of being associated with Mr. Lawrence, of 
the John Innes Horticultural Institution, in some of his work on plant irradiation, and 
we invented a unit based on the spectral response curve for carbon assimilation oi 
Hoover (Fig. 1). Mr. Lawrence found that correlation of plant growth and irradiation 
was only moderate when the basis of comparison was the light unit, but was good when 
such a ‘‘ Hoover” unit was adopted. Since it seems reasonable that the energy must 
be absorbed by the plant to be effective, and chlorophyll is the main agent of light 
absorption and photosynthesis, an absorption unit based on the spectral absorption 
curve of chlorophyll seems suitable. I believe the required spectral absorption curve 
is sufficiently well established for such a unit to be valid for practical purposes. 

If doubt is felt about the appropriate absorption curve, and light units are not 
considered acceptable, I would suggest that a unit based on an equal-energy spectrum 
extending over, but not outside, the visible range be used provisionally. (This in effect 
adopts as a single measure the sum of the values for the three bands corresponding to 
the visible spectrum out of the eight-band Dutch proposal.) However, until agreement 
is reached, the ordinary light unit seems to me to be more practical and suitable than 
the proposed “ sol.” 

I should like very much to know the author’s recommendations for the level of 
illumination and permissible diversity in irradiation for the commercial cultivation of 
glasshouse crops such as tomatoes, as this affects the designs of fittings, and very little 
information is available. Are there any data available on the relationship between 
irradiation and fruiting, as distinct from growth of plant? 

I think that the author’s statement of the advantages of the fitting using a vertically- 
burning H.P.M.V. lamp (Section 4.2.1.) is questionable and unfair. In particular, 
my own experience has been that the lower temperature associated with the vertically- 
burning lamp described is attained by providing a lower level of illumination; the lower 
temperature is not a fundamental characteristic of vertically-burning lamps. I am 
convinced that the horizontally-burning lamp enables an appreciably higher coefficient 
of utilisation to be achieved, which is of great significance to the commercial grower. 

Finally, I presume the author does not recommend an installation such as that 
shown in Fig. 13 as ideal. Surely the use of even the very simplest form of over- 
reflector on the lamp would have enabled the lamp wattage to be halved, with reduced 
Tunning cost. 


Mr. CaNHaM (in reply): Very few of Mr. Cameron Brown’s remarks call for 
reply excevt to say that I agree with everything he has said. A unit in the nature of 
corrected lumens per sq. ft.” can be obtained by the use of a series of correction 
factors similar to those of Dr. Roodenburg listed in Section 2. These can be determined 
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experimentally to give the corresponding crop response in terms of dry weight increase, 
but different sets of factors may be required for different crops. Further, dry weight 
increase may not be a direct indication of subsequent cropping behaviour, which is, 
of course, the final criterion. In this respect the plant response problem is more 
complex than the photographic problem mentioned by Mr. Smyth, although photo. 
synthetic efficiency may be roughly analogous to printing speed. 

Mr. Rowland is correct in affirming that red neon light is very effective for plants 
but this is only true when the light is used to supplement natural daylight. Red light 
whether mono- or poly-chromatic is unsuitable for many plants as the sole source of 
light unless a certain amount of blue is also present to control the shape of the plants, 

I agree that lumen efficiency should be the main criterion of the lamp manufacturer 
as it is of primary importance in the majority of applications. This, however, is one 
application in which it is unimportant as is demonstated by the neon lamp. This is of 
low lumen efficiency but its radiation is perhaps the nearest to the ideal for supple. 
menting daylight. 

In reply to Mr. Smyth’s question regarding the integration of time and irradiation 
intensity I can say that for supplementary lighting under normal conditions the increase 
in plant growth is proportional to the extra light received on an integrated time and 
energy basis. 

The answer to Mr. Anderson’s first question is that for general use supplementary 
artificial lighting would only be used during the period November to February when 
daylight illumination levels are comparatively low—far lower than the figure he 
mentioned. 

An installation of 80 watts/sq. ft. of the type mentioned in the paper is equivalent 
to an energy level in the vicinity of the plants of the order of 60,000 mW/m2, and 
while this is about as high as artificial lighting levels are likely to go, it does suggest 
that the mW/m2 is rather too small a unit. This may well be a valid criticism of the 
Dutch proposals. 

The increased current consumption resulting from the use of a purely resistive 
ballast does make this a costly alternative to the choke as Mr. Anderson suggests and 
that is largely why it is not used. Further, the heat generated would be an embarrass 
ment in glasshouses without rapid and effective thermostatic control of air temperature, 
The alternative suggestion of series operation must be ruled out owing to the dangen 
associated with the high voltages necessary. 

Mr. Howard Long’s suggestion that the resistive ballast could take the form of? 
soil warming cable is most ingenious and would be an excellent idea if the power 
loss could be kept down to reasonable proportions. 

It is true that most of the work on the effects of flashing lights has been carried 
out on algae; it is quite likely however that similar effects would be obtained with 
plants although the thickness of the tissues may modify the effects. 

Although excellent in theory, the small-scale tests recommended by Mr. Jackson 
are generally undesirable as the results from them can be most misleading. Plant 
material is very variable and unless appropriate statistical methods are employed 
cropping records may be quite meaningless. Small-scale trials would, however, suffice 
to demonstrate the increased growth and development of plants which is the immediate 
effect of supplementary irradiation. 

Mr. Jackson’s warning about the introduction of additional variables is veri 
important and I agree entirely with his remarks on the subject. With regard to tubula 
fluorescent lamps, a lamp having a high proportion of its energy in the 6,000-7,000A 
band should be the most suitable but it would lose much of its advantage if it wer 
non-standard. 

With regard to Mr. Jackson’s final point about the possible use of germicidal 
lamps for combating plant diseases and pests I can say that this has already beet 
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considered and it is hoped that some tests will be possible in the near future. One 
serious difficulty is that the germicidal radiation is also harmful to plants and human 
beings. 

t cannot agree with Mr. Beggs that the eight-band specification is premature; in 
practice it is likely to simplify to a six-band division with the three U-V bands included 
together, but it is generally agreed in the horticultural world that these bands are 
biologically significant. Further subdivision would, however, be undesirable until more 
is known about plant response. Spectral energy distribution curves are essential in 
some of the basic studies but they are in fact equivalent to the division of the spectrum 
into a large number of bands and would be simplified into the broader bands of the 
Dutch proposals for the majority of purposes. 

On the practical side I agree that a single unit is desirable. While the illumination 
unit can be used, as mentioned in reply to earlier speakers, provided one has fore- 
knowledge of the plant response per‘unit for the different lamps, it is basically unsound 
for research work as it fails to give an indication of the available energy over the 
whole of the visible region. The unit suggested by Mr. Beggs, covering the energy 
in the three bands in the visible region, is precisely what is obtained if one multiplies 
the illumination level in lux with Roodenburg’s factor, listed in Section 2, and would 
be in milliwatts/sq. metre, or sols. There is much more justification for doing this 
than there is for using units based on the Hoover, Gabrielsen or any other curve 
until the validity of such curves has been established. I believe that Mr. Lawrence 
employed this idea as a test of the validity of the Hoover curve for tomato plants. 

Unfortunately I am not in the position at the moment to answer Mr. Beggs’s 
question about the correlation between growth and fruiting. Little data is available 
on this point but experiments are now in progress to provide further information. 
Similarly the permissible diversity for irradiation fittings is a major problem and again 
litle information is available on which recommendations can be based. 

With regard to the use of vertical lamps, the lower temperature at plant level is 
largely due to the reduction in direct radiation from the lamp. [Illumination levels 
are very little, if any, lower than those obtained with a horizontal fitting if mounted 
correctly. 

The installation mentioned in Mr. Beggs’s final point was decided upon after 
appropriate tests'with and without reflectors, and it was found that the saving in energy 
would be more than offset by the cost of the reflectors unless these were exceptionally 
cheap. They had an added disadvantage in that they caused the lamps to swing much 
more violently in the wind. 
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